Both the amplitude and phase of slow wave rhythmic activity (4 − 12 Hz) are physiological correlates of learning, memory, and exploratory behavior in rodents. Although memory-related oscillations have been observed in the human brain, it is not known whether the phase of these oscillations is related to cognitive operations. We recorded intracranial EEG from human cortex and hippocampal areas while subjects performed a short-term recognition memory task. On each trial, a series of four consonants was presented followed by a memory probe.
Introduction
Human brain oscillations are correlates of a diverse range of functions, including spatial learning (1), visual memory maintenance (2) , verbal memory encoding (3) , and sensory integration (see 4, for a review). Primary amongst the tools used by neuroscientists to study human brain oscillations are intracranial electroencephalographic recordings (iEEG). Such recordings can be ethically obtained in cases of medically resistive epilepsy, where they are clinically used to precisely localize regions of seizure onset. Because iEEG can measure activity from much smaller volumes than scalp EEG (5) , it can detect signals that change rapidly across the cortical surface and might otherwise remain undetected at the scalp due to spatial averaging. Intracranial electrodes can also provide access to deep brain structures whose activity cannot be resolved at the scalp (e.g., 6; 7).
Our group has utilized iEEG to investigate the role of brain oscillations in both spatial and verbal memory tasks. We have observed sharp peaks in the 4 − 12 Hz band that are correlated with the cognitive demands of both types of tasks. These oscillatory signatures are often visible in raw traces, and appear consistently on individual trials. Kahana and colleagues (8; 1) found that the incidence of 4 − 12 Hz oscillatory activity during acquisition and recall in a spatial maze task increased with maze complexity.
The high-amplitude 4 − 12 Hz oscillations observed during human maze learning appear very much like those seen in rodent hippocampus during spatial exploration (see 9; 10, for reviews).
Some investigators have suggested that these oscillations may be specific to tasks involving a spatial component; however, the discovery of high amplitude 8 Hz activity during verbal working memory tasks, both intracranially (7) and at the scalp (11) , suggests that these oscillations may play a far more general role in human cognition, possibly associated with general purpose learning and 2 cognitive control mechanisms.
A possible link between the phase of oscillations and learning comes from rodent studies of longterm potentiation (LTP). LTP is highly sensitive to the phase of hippocampal slow wave (4 − 12 Hz) activity, with potentiation favored at the peak of the oscillation and depotentiation favored at its trough. This finding, which has been observed both in vitro (13) and in vivo (14) , suggests that slow wave oscillations act as a windowing mechanism for synaptic plasticity. If oscillatory phase is crucial for LTP, then one might expect that memory-related stimulus events would produce a reset or phase shift of the ongoing oscillation. Consistent with this hypothesis, Givens (15) found that 8 Hz hippocampal activity in rats was phase locked to stimuli in a working memory condition, but not in a reference memory condition. Buzsaki and colleagues (16) also found that rodent hippocampal oscillations reset in response to the conditioned stimulus in a classical conditioning task, while Adey (17; 18) found that, in cats, oscillatory phase locking was associated with increased performance in a T-maze task.
By pointing to a key role for oscillatory phase in animal cognition, these findings led us to examine the role of oscillatory phase in human cognition. In particular, we hypothesized that task events requiring encoding or retrieval processing would reset the phase of ongoing oscillations. We tested this hypothesis by recording iEEG signals while patients performed a verbal working memory task (19) . This task was chosen because it reliably induced high amplitude cortical oscillations in a previous study by Raghavachari et al. (7) .
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Methods
Participants
We tested nine participants who had cortical surface (subdural) and/or bilateral depth electrodes.
The clinical team determined the placement of these electrodes so as to best localize epileptogenic regions. Across all nine participants, we recorded from 689 electrodes; 138 of these were either (a) in the epileptic focus, (b) overlying regions of radiographically evident structural brain damage, or (c) exhibited epileptiform EEG (i.e., spikes and/or sharp waves, as determined by the clinical team). We restricted our analyses to the remaining 551 electrodes. Figure 1 illustrates the positions of the electrodes. All participants had normal range personality and intelligence and were able to perform the task within normal limits (see Table 1 ). Our research protocol was approved by the institutional review boards at Children's Hospital, Boston, Brigham and Women's Hospital, Boston, and Universitaetsklinikum, Freiburg, and informed consent was obtained from the participants and their guardians. Figure 2a illustrates the behavioral task. The participant pressed a key to initiate each trial. An orienting stimulus (an asterisk) was then displayed in the center of the computer screen and remained visible for 1 s. Following a variable delay of 200 ± 75 ms, uniformly distributed, four consonants were sequentially displayed. The temporal jitter was introduced to ensure that each stimulus arrived at a random phase with respect to ongoing oscillations, thus ensuring that prestimulus phase was uniformly distributed 1 . Each consonant was displayed for 700 ms followed by a variable delay of 275 ± 75 ms. Consonants were randomly selected, subject to the constraint that a particular consonant not repeat within three successive lists. The last (fourth) consonant was followed by a retention interval of 500 ± 75 ms and the presentation of the memory probe. The participant was instructed to indicate as quickly and accurately as possible whether the probe item either was in the preceding list (a target) or was not in the preceding list (a lure) by pressing the right control key to target items and the left control key to lures. Targets and lures occurred with equal probability, and target items were drawn equally from each of the list positions. Due to the fact that there are so few error trials during this task (< 5%), we restrict all of our analyses to correct trials.
Procedure
iEEG recordings
The iEEG signal was recorded from platinum electrodes (3 mm diameter) with an inter-electrode Hz, the lowest frequency we consider, this amount of jitter will ensure that pre-stimulus phase is, at a minimum, 
Analysis of Phase Locking
For each correct trial in the experiment, instantaneous phase was calculated for logarithmically spaced frequencies between 4 and 55 Hz (2
Hz, for x ∈ 8...23). Instantaneous phase was calculated by first wavelet transforming the raw signal (using a 4-cycle Morlet wavelet) and then calculating the angle of the resulting complex coefficients. For each frequency, the wavelet transformation of the intracranial signal produces a complex time series w t,k , where t represents the time point within
The null hypothesis of uniformity for the distribution of φ t (across N correct trials) was tested using the Rayleigh statistic (20; 21),
For each stimulus class (orienting stimulus, list item, and memory probe) we tested the null hypothesis of uniformity at each sampled time point throughout the 500 ms post-stimulus interval. An electrode was considered to exhibit phase locking if the null hypothesis was rejected (p < 0.0001) throughout a 2-period interval. For example, a 10 Hz oscillation would have to exceed the p-value threshold for 200 ms while a 50 Hz oscillations would have to exceed the threshold for 40 ms to meet this criterion.
To assess the degree of phase locking to list items, at each time point and frequency phase distributions corresponding to each serial position were first centered and then combined across serial positions one through four. This was justified due to the fact that although many electrodes exhibited phase locking to list items, there was no consistent pattern of phase locking across the four 6 serial positions. Of 551 electrodes, only two exhibited significant differences across serial positions in the 9 − 12 Hz range and neither of these exhibited a consistent trend across serial position. To gauge the Type-I error rate for identifying electrodes exhibiting phase locking, we randomized the phase of iEEG activity within each trial and re-analyzed the phase distributions (across trials) using the same parameters. This was done 100 times, producing a distribution of values for each stimulus class which was used to assess the Type-I error rate.
Analysis of Variance
Electrodes were then tested for equality of concentration (22; 23) between stimulus classes. Pairwise comparisons were only made between those electrodes and frequencies that exhibited phase locking.
The concentration of a circular distribution is analogous to the variance of a linear distribution, and this test directly compared the variance in phase locking between the orienting stimulus, list items, and the memory probe. Phase concentration, d i , for each stimulus class i was estimated using the circular sample mean,μ i , as,
and an F -ratio specific to circular distributions was used to compare concentrations across stimulus classes (23) .
For all three pairwise comparisons between the three stimulus classes (orienting stimulus, list items, memory probe) we assessed differences at every time point throughout the 500 ms interval following stimulus presentation for five different frequency bands (4 − 9, 9 − 12, 12 − 20, 20 − 30, and 30 − 55 Hz). An electrode was deemed to exhibit greatest reset to a particular stimulus class in a given frequency band if its phase dispersion was significantly smaller than the dispersion of both of the other two stimulus classes at any frequency within the band, and if no other stimulus class obtained a significantly smaller phase dispersion at any other frequency within the band. A significance threshold of p < 0.05 and a 0.5-period duration threshold was used. To gauge the Type-I error rate in identifying electrodes exhibiting the greatest reset to each stimulus class we randomized the iEEG activity between stimulus classes and re-analyzed the phase distributions for equality of concentration using the same parameters. This was done 100 times, producing a distribution of values for each stimulus class which was then used to assess the Type-I error rate.
Analysis of Power
To assess the contribution of evoked power to the observed phase locking to the memory probe, we calculated the number of phase-locked electrodes (as above) which additionally exhibited significant (p < 0.001) increases and decreases in post-probe power. The average power (the square of the absolute value of the wavelet transformed signal) in the 500 ms interval preceding the memory probe was compared to the average power in the 500 ms interval following the memory probe, and a pairedsamples t-statistic was calculated across all correct trials (power values were first logarithmically transformed to approximate normality). To further assess the contribution of stimulus-evoked power to phase locking we computed the Pearson correlation (across all electrodes) between the t-statistic, and the average Rayleigh statistic for the 500 ms post-probe interval, which was used to assess phase locking.
Time-frequency spectrograms were computed using the square of the absolute value of the wavelet transformed signal.
Results
Each trial of the experiment consisted of the presentation of the orienting stimulus signifying the start of the trial, followed by the presentation of four list items, a short delay and then the memory probe (see Figure 2a) . The participant's task was to indicate as quickly as possible whether the memory probe was contained within the immediately preceding list. Despite being tested in a hospital bed, participants performed the task with reasonably high accuracy (see Table 1 ) and with a mean reaction time (∼ 1 s) that was not much longer than one would expect under laboratory conditions (i.e. 550 − 750 ms; 19; 24). As has been found in some previous studies (e.g. ref. The phase characteristics of oscillatory activity can be measured directly using spectral methods.
The raw iEEG signal for each trial is first wavelet transformed, the phase angle calculated, and then the distribution of phase (across trials) is examined. Figure 3b plots the 8 Hz phase distribution taken 250 ms prior to the presentation of the probe. This figure shows that the phase distribution 9 is approximately uniform and exhibits no evidence of clustering. Indeed, we cannot reject the hypothesis that these phase data are drawn from a uniform distribution (Rayleigh test, p > 0.5). In comparison, Figure 3c plots the 8 Hz phase distribution 250 ms after presentation of the probe (the approximate time of maximal phase locking). This distribution exhibits significantly more phase clustering, and a Rayleigh test indicates it is unlikely that this distribution is uniformly distributed
The phase locking of single trial activity post-probe suggests that the phase of the oscillation is being reset due to the presentation of the probe. However, it is possible that the observation of phase locking is instead an artifact of transient increases in power following the probe presentation.
For example, if the presentation of the probe evoked an additional single-cycle sine wave in the EEG with similar latency from trial to trial this might align the post-stimulus phase distributions (depending upon the ratio of the amplitude of the evoked component versus the amplitude of ongoing activity). However, this would not constitute the phase reset of an ongoing oscillation, but would instead be considered a transient evoked response.
To assess the contribution of post-probe power increases to the observed phase locking, Figure 3d plots the average power spectrogram for all single trials for the 1 s interval surrounding probe presentation. This figure shows that there is a peak in 8 Hz power both before and after the presentation of the probe. However, 8 Hz power in single trials actually decreases significantly after the probe has been presented (df = 301, t = 6.34, p < 0.001), directly contradicting the hypothesis that evoked activity is contributing to the observed phase locking.
Although Figure 3b -c plot phase distributions at a particular frequency and time (250 ms preand post-probe), it is of interest to comprehensively assess these effects throughout the trial and across all frequencies. Figure 4a plots the log p-value, used to assess the degree of phase locking at each time point during the trial, for logarithmically-spaced frequencies between 4 and 32 Hz. As shown, there is no discernible phase locking at any frequency following the orienting stimulus or any the list items, but there is highly significant phase locking centered around 8 Hz following the memory probe. The foregoing analysis illustrated that phase locking of oscillatory activity is associated with behaviorally relevant stimuli for selected electrode locations. To examine this effect across all electrodes in all participants, we calculated the number of electrodes exhibiting phase locking to each of the three stimulus classes (probes, list items, and orienting stimuli). Figure 5a shows that although there is broad band phase locking in response to all three stimulus classes, the majority of these distributions lie in 7 − 16 Hz range. Additionally, there are many more electrodes exhibiting phase locking to probes than to either of the other two classes of stimuli.
To examine whether the preponderance of phase locking to probe stimuli is a consequence of a repetition effect (one half of the memory probes consisted of an item drawn from the preceding list)
we examined the frequency distribution of phase locking separately for targets and lures. Figure 5b plots the number of electrodes at each frequency exhibiting significant phase locking to targets (blue) and lures (red). The raw number of electrodes exhibiting significant phase locking to targets and lures is less than the number exhibiting phase locking to memory probes due to the fact that there are half as many data points in the target/lure comparison. However, there is no significant difference between the target and lure distributions (Kolmogorov-Smirnov test, D = 0.08, p > 0.5),
suggesting that item repetition is not responsible for the large numbers of electrodes exhibiting phase locking to the memory probe (Figure 5a ).
Although the tight clustering of oscillatory phase following critical stimuli (Figures 4a-e) suggests a reset of ongoing oscillations, it is also possible this effect is instead an artifact of transient evoked activity following stimulus presentation. If phase locking is indeed a consequence of evoked activity summing with ongoing activity, then those electrodes that exhibit significant phase locking should also exhibit increased power in the post-stimulus interval compared to the prestimulus interval.
Hence, the transient evoked activity hypothesis predicts an increase in post-stimulus power. In contrast, the phase reset hypothesis remains silent on this issue. True phase reset (at the cellular level) could be associated with either an increase, a decrease, or no change in post-stimulus power.
To address this issue, we examine significant changes in post-probe power as well as the correlation between post-probe power and phase locking. rather, it would appear that the observed phase locking is indeed caused by a true phase reset of ongoing oscillations. However, in the 4 − 7 Hz range, where we find a significant correlation between post-probe power increases and phase locking, it is less clear if true phase reset is being observed.
The critical remaining question is whether probes, list items, and the orienting stimulus differ with respect to the precision of phase reset at individual electrodes (as seems to be indicated in Figures 4a-e) . We therefore compared phase distributions following each of the stimulus classes using a test for equality of circular variance. An electrode was deemed to exhibit preferential reset within a given frequency band if the following two conditions were met: i) it exhibited significantly greater phase locking to one stimulus class compared to both other stimulus classes at any frequency within the band and ii) no other stimulus class exhibited greater phase locking at any other frequency within the band. Table 2 lists the number of electrodes in each frequency band that met these criterion.
Although all frequencies exhibit phase reset (see Figure 5) , only in the 4 − 20 Hz frequency range do we find brain locations that exhibit preferential phase reset. Probe-specific phase reset accounts for the greatest number electrodes (e.g. Figures 4b-c) , however, list items also elicit preferential reset in several brain locations (e.g. Figure 4d ), as does the orienting stimulus (e.g. Figure 4e ). Although it is tempting to draw inferences regarding the localization of this probe-reset effect, this is not currently possible given the highly variable electrode placements across participants.
Recordings from 23 sites exhibited preferential reset to probes in the 7 − 12 Hz band. These sites were found in the inferior temporal lobe and occipital lobes, bilaterally, as well as on the right parietal lobe. Interestingly, preferential reset to list items occurred at two recording sites, all in the right posterior temporal lobe. Preferential reset to the orienting stimulus also appeared in two locations, both in mesial subtemporal sites in the right hemisphere. Although we recorded from over many electrodes distributed across the frontal, prefrontal and sub-orbital frontal sites, none of these exhibited preferential reset to any stimulus class.
To determine whether our finding of stimulus specific reset to memory probes could be a consequence of item repetition, we compared the degree of phase locking between targets and lures.
If stimulus specific reset to probes was due to the fact that on half of the trials the probe item was a repetition of one of preceding list items, then targets should exhibit greater reset than lures.
However, the number of electrodes exhibiting preferential reset to targets or lures did not exceed the Type-I error rate as assessed by bootstrap methods (p < 0.01).
Discussion
We examined brain oscillations in iEEG recordings taken as participants performed a working memory task. Whereas most earlier studies had focused on amplitude effects within individual electrodes, or synchrony between electrodes, we specifically examined the phase response at individual recording sites to specific task events. Three critical periods were compared: the period immediately following the appearance of the orienting cue, the study items and the probe item. For each of these three classes of stimuli, we computed the distribution of phase across trials at logarithmically spaced frequencies between 4 − 55 Hz.
Our principal finding was that the appearance of behaviorally relevant stimuli, including the orienting stimulus, list items and memory probe, produced a statistically significant phase locking at many recording sites. In individual electrodes, this phase locking occured for tight clusters of frequencies ( Figure 4) ; however, across electrodes the effect was broad band, with a majority of sites exhibiting phase locking in the 7 − 16 Hz range ( Figure 5 ).
One might expect increased phase locking following stimuli to be a consequence of transient, stimulus-evoked activity in the ongoing EEG signal. By this account one should also observe poststimulus increases in oscillatory power. As shown in Figure 6a , the peak in phase locking to probes, sistent with the idea that encoding and retrieval operations have a preferred phase, and phase reset may be the method by which this preferred phase is attained during each trial. In demonstrating the existence of oscillatory reset, our analyses of the variance of the phase distributions could lay the groundwork for future analyses aimed at testing specific predictions these models make regarding the phase differences observed between different stimulus classes.
Our observation of preferential reset to probes, study items, and the orienting stimulus (Table 2), may be a consequence of any of a number of factors that vary across stimulus classes. The appearance of the orienting stimulus alerts participants to the onset of the trial, preparing them to study the upcoming series of letters. The study phase involves two primary processes: letter identification of the list items, and encoding of the items into working memory. With the appearance of the memory probe the participant is required to identify the probe, compare the probe with the stored representations of the list items, and use this comparison to drive a speeded motor response.
Because letter identification should be similar during presentation oif list items and memory probes, the preferential reset to list items (e.g. Figure 4e ) most likely reflects the specific demands of encoding the list items into working memory. In contrast, the preferential reset to probes, observed at the largest number of recording sites (e.g. Figures 4a-d) , could reflect either the memory comparison process or motor-preparatory mechanisms. Although we cannot to rule out the latter hypothesis, the anatomical distribution of electrodes exhibiting preferential reset to probes (Figure 7e ) suggests that we are not analyzing purely movement-related activity, which has been localized to the central motor areas and premotor cortex (37) . Rather, it is likely that memory comparison processes, which may operate in either serial or parallel fashion (38; 19) , cause preferential reset to probe items. Figure and Table Legends   Table 1 : Participant demographics and performance. 
